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shaped	by	 founder	effects,	 that	can	 lead	 to	correlative	 reductions	
in	 allelic	 number	 and	 heterozygosity,	 decreasing	 genetic	 diversity	
and	 genetic	 bottlenecks	 (Comps,	 Gömöry,	 Letouzey,	 Thiébaut,	 &	
Petit,	 2001;	 Eckert,	 Samis,	 &	 Lougheed,	 2008;	Nei,	Maruyama,	 &	
Chakraborty,	1975;	Young,	Boyle,	&	Brown,	1996).
The	consequences	of	 isolation	are	 larger	 for	small	populations,	
which	 are	 vulnerable	 to	 genetic	 drift	 (Ellstrand	 &	 Elam,	 1993).	
Persistent	reductions	 in	gene	flow	can	also	 increase	the	risk	of	 in‐
breeding	 depression	 and	 genetic	 differentiation	 of	 outlier	 popula‐
tions	(Eckert	et	al.,	2008;	Ellstrand	&	Elam,	1993;	Ouborg,	Vergeer,	
&	Mix,	2006),	potentially	compromising	the	adaptability	of	a	species	
and	 the	 resilience	 of	 populations	 to	 environmental	 change	 (Jump	
&	Penuelas,	2005;	Willi	&	Fischer,	2005).	Outcrossing	trees	can	be	
disproportionately	sensitive	to	a	reduction	in	pollen‐mediated	gene	
flow	 owing	 to	 their	 often	 high	 levels	 of	 heterozygosity	 that	 may	
mask	deleterious	recessive	alleles,	which	if	expressed	can	lead	to	a	
reduction	in	fitness	(Bacles	&	Jump,	2011).










it	 can	 take	 several	 generations	 for	 the	 impacts	 of	 disturbance	 to	
change	population	genetic	 structure	 (Aguilar,	Quesada,	Ashworth,	
Herrerias‐Diego,	&	 Lobo,	 2008;	Bacles	&	 Jump,	2011;	Mona,	Ray,	
Arenas,	&	Excoffier,	2014).	This	 lag	 is	 reflected	 in	the	 inconsistent	
empirical	evidence	existing	for	the	effects	of	fragmentation	on	tree	
populations	 (Kramer	 et	 al.,	 2008).	 However,	 natural	 range	 edges	
have	been	subject	to	population	isolation	longer	than	recently	frag‐
mented	 forests,	making	 such	 populations	 particularly	 valuable	 for	
measuring	the	effects	of	isolation	in	long‐lived	species.
Some	 tree	 species	 have	 the	 potential	 to	 buffer	 the	 effects	 of	
genetic	 drift	 in	 fragmented	 populations	 through	 high	 gene	 flow	
rates	via	seed	and	pollen	dispersal	(Hamrick,	2004;	Sork	&	Smouse,	
2006).	However,	persistent	isolation	can	lead	to	a	reduction	in	gene	
flow.	 Even	wind‐pollinated	 species	 have	 shown	 significant	 effects	




with	 effects	 on	 pollen‐mediated	 gene	 flow	 found	 in	Wang,	 Sork,	
Wu,	&	Ge,	2010	(Pinus tabulaeformis),	Vranckx	et	al.,	2014	(Quercus 
robur).	In	contrast,	various	studies	have	found	no	effect	of	isolation	






lation,	we	sought	 to	determine	how	 isolation	 impacts	genetic	diver‐
sity	within	populations	of	the	long‐lived,	wind‐pollinated	tree	species,	
















prove	more	 sensitive	 than	 distance‐based	methods	when	 assessing	
genetic	impacts	of	population	isolation.
2  | MATERIAL S AND METHODS
European	 beech	 is	 a	 predominantly	 outcrossing,	 wind‐pollinated	
tree,	with	seed	dispersed	by	gravity	and	animals.	It	generally	lives	
up	 to	 300	 years	 (Packham,	 Thomas,	 Atkinson,	 &	 Degen,	 2012),	








predominantly	 climatically	 limited	 (Packham	et	 al.,	 2012;	 Sjölund,	
González‐Díaz,	Moreno‐Villena,	&	Jump,	2017).	Locally,	 it	 is	addi‐
tionally	 influenced	by	anthropogenic	 impacts,	such	as	the	historic	
reduction	 of	 deciduous	 forests	 (Bradshaw	 &	 Lindbladh,	 2005),	
human	disturbance	and	intensive	land	use	(Björkman,	1996;	Sjölund	
et	al.,	2017).	The	distribution	of	beech	in	Sweden	was	extensively	























2.2 | Measuring the multiple dimensions of isolation










given	 an	 arbitrary	 value	 of	 78.54m2,	 a	 conservative	 estimate	 of	




sary	 to	 include	 single	 tree	 counts	 in	 area‐based	 estimates.	 The	
area	of	contiguous	beech	forest	within	the	immediate	patch	where	






















boundary	 (abbreviated	BB).	 In	 total,	we	 tested	 four	area‐	and	 two	
distance‐based	 measures	 of	 isolation;	 their	 explanatory	 capacity	
was	dependant	on	the	heterogeneity	 in	the	distribution	and	struc‐
ture	of	the	surrounding	forest	patches.
2.3 | DNA isolation and microsatellite analysis
Genomic	 DNA	was	 extracted	 from	 dried	 leaf	 and	 cambium	 samples,	
using	the	BIOLINE	Isolate	Plant	Kit	and	the	QIAGEN	96	DNeasy	Plant	
Kit	 according	 to	 manufacturer's	 instructions.	 Fragment	 analysis	 was	
performed	on	an	ABI	3,730	DNA	Analyzer	 (Applied	Biosystems)	with	
scoring	 on	 GeneMArker	 2.4.0	 (SoftGenetics).	 Amplification	 success	
ranged	from	94%	to	100%	per	population.	Out	of	1,400	samples,	a	total	
of	 1,376	 individuals	were	 successfully	 genotyped	 at	 12	 polymorphic	
SSRs	 (fs1‐03,	 fs1‐15,	 fs3‐04,	 fcm5,	mfc7,	mfs11,	sfc0007‐2,	sfc0018,	
sfc0036,sfc1143,	sfc1061	and	sfc1063)	in	three	multiplexes.	However,	
analyses	presented	exclude	fcm5	and	use	a	total	of	11	loci	as	11	of	14	























viduals	 per	 site.	 Private	 alleles	were	 defined	 as	 those	 unique	 to	 a	













































2.5 | Modelling the effects of isolation on genetic 
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We	tested	three	variables	describing	genetic	diversity	in	adults	
and	 seedlings:	 allelic	 richness	 (AR);	 private	allelic	 richness	 (AP)	 and	
gene	diversity	(HS).	We	did	not	perform	tests	on	FIS	as	patterns	are	
confounded	by	 the	 significance	of	 the	FIS	 values.	For	measures	of	
pollen‐mediated	gene	flow,	we	tested	the	number	of	seedlings	with	
no	local	parent	pairs	(LPP)	at	95%	Cl,	that	is,	seedlings	that	could	not	
be	 assigned	 to	 two	 local	 adult	 trees.	The	predictor	 variables	used	
were	 the	six	measures	of	 isolation	derived	 from	Lindquist’s	 (1931)	
map,	 comprising	 the	 four	 area‐based	 (5‐km	 buffer,	 10‐km	 buffer,	
15‐km	buffer,	site	boundary)	and	two	distance‐based	(CB,	BB)	mea‐
surements.	 Latitude	 and	 longitude	 were	 also	 included	 as	 predic‐
tors	to	account	for	geographical	variation.	Predictor	variables	were	
log(x	+	1)	transformed	to	standardize	the	scale	of	predictors.	In	mod‐
els	 with	 two	 significant	 components,	 the	 secondary	 components	
were	 found	 to	 be	 redundant,	 revealing	 similar	 trends	 as	 the	main	
component	 and	 are	 therefore	 not	 presented.	We	present	weights	
of	significant	predictor	variables,	which	 indicate	the	trend	and	the	
importance	of	the	relationship	with	the	component.





1,000	 simulation	 iterations,	 as	 recommended	 for	microsatellites	








2.6 | Identifying regional population structure at the 
leading edge
To	 characterize	 regional	 genepools	 and	 identify	 potential	 barriers	
to	dispersal,	individual‐based	assignment	methods	were	performed	
on	the	adult	cohort	using	GenelAnD	4.0.4	 (Guillot,	Estoup,	Mortier,	
&	 Cosson,	 2005)	 a	 spatially	 explicit	 Bayesian	 clustering	 model.	
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lings	 (Figure	 3).	 Gene	 diversity	 (HS)	 estimates	 ranged	 from	 0.601	
to	0.703	in	adults,	and	0.534	to	0.688	in	seedlings,	with	no	signifi‐
cant	differences	found	between	adults	and	seedlings	(U(12)	=	126,	













for	 private	 allelic	 richness	 (AP)	 in	 adults	 or	 seedlings.	 It	 should	 be	
noted	 that	 significant	 correlations	 between	 buffer‐based	 isolation	
measures	 and	 latitude	 were	 found	 (Pearson's	 r	 and	 significances,	
5	km:	r	=	−.713,	p	<	.01;	10	km:	r	=	−.732,	p	<	.01;	15	km:	r	=	−.733,	
p	<	.01;	Site	boundary:	r	=	−.520,	p	=	.06;	CB:	r	=	.373,	p	=	.19;	BB:	
r	 =	 .424,	p	 =	 .130).	No	 correlations	were	 found	between	 isolation	
indices	and	longitude	(p > .40	for	all	indices).
The	 number	 of	 seedlings	with	 no	 local	 parent	 pairs	 at	 95%	Cl	
increased	in	sites	with	lower	distances	between	forests	and	higher	
areas	 of	 surrounding	 beech,	 following	 a	 north	 to	 south	 gradient	
(R2	=	58.2%;	p	<	.01).	This	pattern	is	visible	in	Figure	2.	The	contri‐
bution	of	 significant	 isolation	 variables	 and	 geographical	 variables	
were	similar,	with	the	distance‐based	variable,	CB,	explaining	10.2%	
(p	 <	 .05)	 of	 the	 variation	 within	 the	 response,	 the	 area	 of	 beech	
within	the	5‐km	buffer	zone	explaining	10.1%	(p	<	.001),	and	latitude	
explaining	 6.5%	 (p	 <	 .001).	 Overall,	 isolation	 indices	 and	 latitude	
explained	more	variation	 in	pollen‐mediated	gene	flow,	with	an	R2 
ranging	 from	 5.7%	 to	 10.2%,	 compared	 to	 the	 adult	 and	 seedling	
measured	of	genetic	diversity	 (Table	2).	Measures	that	were	taken	
closest	to	the	sampling	area,	for	example,	5‐km	buffer	and	CB,	ex‐
plained	 the	 largest	 amount	of	 variation	10.1%	and	10.2%,	 respec‐
tively,	reflecting	the	sensitivity	of	measures	of	pollen‐mediated	gene	
flow	to	local	measures	of	isolation.
There	 was	 no	 evidence	 for	 recent	 genetic	 bottlenecks	 in	 any	
of	 the	 14	 sites	 in	 the	 adult	 or	 seedling	 cohort	 (see	 Table	 S3.2	 in	
Appendix	 S3).	 For	 genetic	 diversity	 estimators,	 the	 strongest	 re‐



























Adult	HS	 was	 primarily	 related	 to	 increased	 area	 of	 surround‐












When	 considering	 all	 models	 for	 both	 genetic	 diversity	 and	
external	 pollen‐mediated	 gene	 flow,	 area‐based	 measurements	
significantly	contributed	to	 the	explanation	of	 the	 response	 for	all	
presented	 response	 variables,	 whereas	 distance‐based	 measures	
failed	to	explain	significant	variation	in	the	response	in	one	model,	
adult	HS.	Concerning	area‐based	measures,	significant	contributions	
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were	made	by	the	addition	of	each	buffer	zone	in	all	response	vari‐
ables	except	for	HS,	which	in	adults	only	related	to	the	15‐km	buffer,	
and	 in	 seedlings,	 the	 10‐km	 buffer.	 The	 boundary‐based	 distance	
measure,	BB,	which	was	significant	in	most	models,	did	not	signifi‐
cantly	explain	variation	in	adult	or	seedling	HS.
3.4 | Regional genetic structure at the leading 
range edge








(Figure	 1).	 Further	 substructuring	was	 found	 in	 the	 south‐eastern	
and	north‐eastern	cluster	2	and	3,	when	analysed	separately,	with	














4.1 | Founder events and isolation shape genetic 
diversity
We	 found	 evidence	 of	 reduced	 allelic	 richness	 (AR)	 in	 both	 adults	
and	 seedlings	 in	 isolated	 sites,	 with	 latitude	 also	 significantly	 ex‐
plaining	 a	 large	 proportion	 of	 variation	 in	 adults	 (Table	 2).	 Adult	
gene	diversity	 (HS)	 revealed	a	 similar	 trend	 to	 that	 found	 in	 allelic	
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richness.	The	observed	pattern	in	genetic	diversity	also	resembled	
the	southern richness and northern purity	paradigm,	coined	by	Hewitt	
(1999),	and	was	based	on	the	observed	reduction	in	population	size	
through	 founder	 events	 at	 the	 leading	 edge,	 resulting	 in	 a	 loss	 of	
alleles	 through	 genetic	 drift	 (Excoffier,	 Foll,	 &	 Petit,	 2009;	 Lande,	
1988;	Nei	et	al.,	1975).	Low	migration	between	isolated	populations	
contributes	 to	 this	 trend	 (Vucetich	&	Waite,	2003).	As	 rare	alleles	
are	at	 risk	of	disappearing	 first,	a	 reduction	 in	population	size	can	
affect	AR	disproportionally	more	than	HS	(Comps	et	al.,	2001;	Jump	
&	Peñuelas,	2006;	Piry	&	Luikart,	1999).	This	pattern	was	reflected	
in	 both	 adults	 and	 seedlings,	which	 displayed	 a	 higher	 amount	 of	
variation	 explained	 by	 predictor	 variables	 for	AR	 compared	 to	HS. 








pared	 to	 latitude,	may	also	be	 influenced	by	 an	outlier,	 site	OMB,	




found	with	 isolation	 indices.	Seedling	AR	was	 strongly	affected	by	
isolation,	with	very	little	contribution	of	latitude.	This	stronger	neg‐
ative	 impact	of	 isolation	on	seedlings	compared	to	adults	 (Table	1,	
Figure	3)	 reflects	 temporal	effects	of	genetic	drift	on	 small	popu‐
lations,	which	 intensify	over	 time	 (Aguilar	et	al.,	2008;	Ellstrand	&	
Elam,	1993).	This	pattern	 is	 in	agreement	with	 the	observed	adult	
to	 seedling	 relative	 reduction	of	AR	 in	 site	OMB,	 compared	 to	 re‐




generations,	 this	 is	 in	 agreement	with	 the	 values	 obtained	 from	 a	
simulation	study	on	habitat	fragmentation	by	Mona	et	al.	(2014)	who	
recommend	at	least	10	generations,	ideally	more	than	100	genera‐
tion	needed	 for	 isolation	 to	affect	genetic	diversity	 at	 the	 leading	
range	 edge.	 Overall,	 these	 patterns	 are	 indicative	 of	 a	 relatively	
strong	effect	of	 isolation	on	genetic	diversity	 in	 these	 range‐edge	
populations.





TA B L E  2  Significant	PLSR	models	with	predictor	weights	and	their	contributions	to	R2
 Adult AR Adult HS Seedling AR Seedling HS No LPP 95% Cl
Response	R2 30.1* 26.2* 58.3* 33.8* 58.2**
R2	contributions      
5	km 4.5  6.9  10.1
10	km 0.4  2.3 4.3 8.7
15	km 4.6 14.9 8.3  7.9
Site	boundary 5.8  5.7  5.7
CB    2.7 10.2
BB <0.1  8.2  9.0
Latitude 7.3 7.0 0.4  6.5
Longitude    14.7  
Predictor	weights
5	km 0.386***  0.450***  0.417***
10	km 0.113*  0.262** −0.358** 0.387***
15	km 0.393** 0.755** 0.495***  0.367***
Site	boundary 0.439***  0.410***  0.313**
CB    0.282* −0.419*
BB 0.004*  −0.162***  −0.394***
Latitude −0.492*** −0.518** −0.511***  −0.334***




those	significantly	related	to	the	component.	Significant	p‐values	are	indicated	as,	*p	<	.05,	**p < .01 and ***p < .001.











GAR	 and	OMB	 northerly	 sites	 that	 lie	 on	 either	 side	 of	 the	 lake.	
Clustering	results	using	STRUCTURE	revealed	a	trend	of	increased	
admixture	 in	 south‐westerly	 sites	 with	 increased	 homogeneity	
among	individuals	between	north‐eastern	clusters	(Figure	5).	A	simi‐
lar	trend	has	been	found	in	leading‐edge	populations	of	Acer camp‐















forest	 fragments,	measures	 of	 external‐mediated	 pollen	 dispersal	
reflect	the	density	of	the	pollen	cloud	produced	by	surrounding	for‐
est	as	opposed	to	strict	long‐distance	pollen	flow.	As	pollen	produc‐















flowering	and	pollination	 success	are	 significantly	 lower	 (Hilton	&	
Packham,	1997;	Linquist,	1931;	Nilsson	&	Wästljung,	1987).
4.4 | Effective measurements of isolation
A	combination	of	isolation	variables	was	effective	at	explaining	vari‐
ation	in	genetic	diversity	and	pollen	dispersal.	Area‐based	measure‐
ments	 using	 buffer	 zones	 present	 a	 standardized	measure	 for	 the	
surrounding	 area	of	 forest.	We	 found	 a	 general	 additive	 effect	 of	
increasing	 buffer	 zone	 size,	 implying	 a	 sensitivity	 to	 buffer	 size	
and	 also	 the	 importance	 of	 local	 and	 regional	 isolation	 levels	 on	
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genetic	diversity	and	pollen	dispersal	of	beech.	In	a	meta‐analysis	by	











adult	 populations,	 gene	 diversity	 follows	 a	 similar	 trend	 to	 allelic	
richness.	North‐eastern	populations	appear	to	be	mainly	shaped	by	
barriers	 to	 gene	 flow	 imposed	by	 isolation,	with	 the	 possibility	 of	




extinction	 risk	 and	 could	 shed	 light	 on	 the	 potential	 effects	 frag‐
mented	populations	may	experience	in	the	future.	Given	that	much	
European	forest	now	persists	in	highly	human‐modified	landscapes,	
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